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Abstract: 
 
Optical hyperspectral imaging based on absorption and scattering of photons at the visible 
and adjacent frequencies denotes one of the most informative and inclusive characterization 
methods in material research. Unfortunately, restricted by the diffraction limit of light, it is unable 
to resolve the nanoscale inhomogeneity in light-matter interactions, which is diagnostic of the local 
modulation in material structure and properties. Moreover, many nanomaterials have highly 
anisotropic optical properties that are outstandingly appealing yet hard to characterize through 
conventional optical methods. Therefore, there has been a pressing demand in the diverse fields 
including electronics, photonics, physics, and materials science to extend the optical hyperspectral 
imaging into the nanometer length scale.  In this work, we report a super-resolution hyperspectral 
imaging technique that simultaneously measures optical absorption and scattering spectra with the 
illumination from a tungsten-halogen lamp. We demonstrated sub-5 nm spatial resolution in both 
visible and near-infrared wavelengths (415 – 980 nm) for the hyperspectral imaging of strained 
single-walled carbon nanotubes (SWNT), and reconstructed true-color images to reveal the 
longitudinal and transverse optical transition-induced light absorption and scattering in the SWNTs. 
This is the first time transverse optical absorption in SWNTs were clearly observed experimentally. 
The new technique provides rich near-field spectroscopic information that had made it possible to 
analyze the spatial modulation of band-structure along a single SWNT induced through strain-
engineering.  
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The colors of nanomaterials are determined by the optical absorption and scattering 
processes that are deeply correlated with their local optical and electronic structures, which can be 
radically different from the bulk. Single-walled carbon nanotubes (SWNT), for example, comprise 
a family of more than 200 different structures that are characterized by different chiral indices, 
endeavored with distinct electronic structures1-2, and known to show a riot of colors as individuals3-
5. On the contrary, in bulk, they are the darkest material that absorbs nearly all the light shined on 
them6-7. Furthermore, due to their large surface-to-volume ratios, most nanomaterials have 
electronical and optical properties closely related to the environmental influence, such as local 
strain, defects, dielectric screening, quantum effect from particle size, etc. For example, the strain 
engineering has achieved great commercial success in the semiconductor industry8. Therefore, 
there has been a strong drive in the past decades for optical hyperspectral imaging techniques that 
can provide multidimensional information with nanometer resolution to decipher the local optical 
and electronic properties noninvasively.  
 
Conventional optical spectroscopic imaging technique has its spatial resolution restricted 
to micrometer scale due to light diffraction. Although near-field scanning optical microscope 
(NSOM) offers nanometer-scale resolution by using the plasmonic effect on an optical antenna to 
scan at the vicinity of the sample surface, its applications in spectroscopy analysis at the visible 
region mainly targets inelastic light-matter interaction processes9-11, such as the tip-enhanced 
photoluminescence (TEPL) or Raman scattering (TERS), where sufficiently high signal-to-noise 
ratios can be achieved by removing the excitation light with a spectral filter. Recently, the NSOM-
based absorption spectroscopy imaging has been demonstrated in the infrared (IR) regime, using 
spatially coherent light sources such as tunable mid-IR lasers12-13, or a synchrotron radiation beam 
if a broad bandwidth is desired14-16. Extending the nanospectroscopy imaging technique to the 
absorption and elastic scattering processes in the visible (VIS) and near-infrared (NIR) range will 
allow direct probing of band structures of a much wider variety of semiconductors with nanoscopic 
details, without requiring sample luminesces or advanced light sources.  
 
Here, we report a strategy to extend the VIS-NIR scattering and absorption hyperspectral 
microscopy down to the nanometer length scale, which capacitates the direct imaging of electronic 
transitions along individual SWNTs of different chiral indices and their local-strain-induced band 
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structure modulations. The light from a tungsten-halogen lamp was compressed to the tip apex of 
a silver nanowire (AgNW) scan probe through high-external-efficiency broadband nanofocusing 
and created a broad-spectrum (‘white’) point light source for nanoscale near-field sample 
illumination. The two-step nanofocusing process, as described previously in17, involves the mode 
coupling from the optical fiber (OF) to the AgNW waveguide and the adiabatic nanofocusing of 
the surface plasmon polaritons (SPPs) in the AgNW at its gradually narrowing tip. Neither of the 
two steps require spatially or spectrally coherent light sources, so even the black-body irradiation 
from a tungsten-halogen lamp can be nanofocused with high efficiency. This removed the 
requirement for any advanced light source, making the technique widely applicable. The nanoscale 
spot created at the AgNW tip has enough intensity to scan the sample with < 1 second-per-pixel 
spectrum collection speed. With this approach, we have demonstrated that both the longitudinal 
and transverse optical transitions in a SWNT deposited on a quartz substrate can be identified 
through their distinct far-field radiation features, and be imaged with a spatial resolution of < 5 
nm. This is the first experimental observation of the transverse optical absorption of a SWNT. 
Colored near-field images were generated through the reconstruction of the hyperspectral 
information. More importantly, the intrinsic electronic structure variation along a structured 
SWNT induced by the local strain engineering was directly imaged for the first time.  
  
The imaging mechanism of the nanoscale VIS-NIR hyperspectral microscopy can be 
considered as a dark-field NSOM configuration, as illustrated in Fig. 1a. The radially polarized 
SPP17 in the AgNW waveguide probe is quasi-adiabatically focused by the gradually narrowing 
tip (Fig. 1a zoom-in), forming a plasmonic hotspot at the tip apex (tip radius ~ 5nm) with enhanced 
electric field components in both parallel and perpendicular directions with respect to the sample 
surface. The far-field radiation pattern of the superfocused mode forms a radially polarized ring, 
with the angular location of the ring center as small as around 15° in the E-plane (Details in the 
supplementary text), fully included by the white dashed circled in the k-space image (Fig. 1a-i). 
Further k-space measurements confirmed its radial polarization over the working wavelength range 
(Details in the supplementary text). As the probe approaches the glass substrate, the interaction 
between the electrical dipole at AgNW tip apex and its image dipole in the substrate drastically 
increases and start generating 2nd-order lobes in the far-field radiation pattern (Fig. 1b) that contain 
high-spatial-resolution sample information (or high-k information). This was observed 
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Fig. 1 | Scattering- and absorption-based nano-hyperspectral imaging design. a, Sketch of 
the experiment set-up and the k-space far-field radiation patterns when the probe detached from 
(i) and in contact with (ii) the substrate. Inset (iii) shows the pattern in (ii) with the low-k 
components (central portion) blocked by a k-space filter, and (iv) shows the filtered high k 
components (iii) focused to the image plane of a spectrometer for spectroscopy analysis. 
Bottom insets: polarization of the above images. b, The radially-polarized far-field radiations 
have azimuthal-dependent components (noted as 𝑘∥  and 𝑘" ) that are linked with different 
regions in the image plane (noted as ROI∥  and ROI" ). c, The absorption (left panel) and 
scattering (right panel) true-color images of two SWNTs, separated by around 100 nm from 
each other, acquired from ROI∥  and ROI" , respectively. The chiral indices are (13,8) and 
(15,8), respectively. At each pixel (with a pixel step of 3.3 nm for vertical direction and 10 nm 
for lateral direction), one acquisition with 0.5 s integration time was recorded to obtain the two 
spectrums from different ROIs simultaneously.  
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experimentally in the k-space image in Fig. 1a-ii, which shows the halo formed by the 2nd-order 
lobes extending far beyond the white dashed circle recorded when the probe comes in contact with 
the substrate. A k-space filter is inserted into the optical path to remove the low-k components (Fig. 
1a-iii), leaving the high-k information focused by an objective lens to form a ring pattern at the 
image plane (Fig. 1a-iv), which is sent into the charge-coupled device (CCD) of a spectrometer 
for analysis. 
 
The intensity distribution of the radially-polarized ring pattern at the image plane (Fig. 1a-
iv) is sensitive to the optical anisotropy and the position of the object. Conventionally, optical 
anisotropy results in the polarization variation in the transmitted or scattered light, which has been 
exploited to investigate a wild range of materials from molecules to crystals5,18. In absorption and 
scattering processes with a radially-polarized incident beam, optical anisotropy in the sample alters 
the rotationally symmetric far-field radiation pattern, which can be reflected by the intensity 
variation along the azimuthal direction of the ring in the image plane19-21. Specifically, a SWNT 
placed along x direction, as shown Fig. 1b, has a strong depolarization effect from the longitudinal 
transitions in the SWNT that absorb the x-direction far-field radiation (noted as 𝑘∥). This can be 
measured by selecting the region of interest parallel to the SWNT (ROI∥) in the CCD image plane 
(red dashed region, Fig. 1a-iv). Meanwhile, the light scattered from the SWNT originates from the 
SWNT quadrupole radiation excited by the projection of the electric field in the superfocused SPP 
mode on x axis, containing two electric dipoles with opposite polarities and resembling the 
quadrupole radiation in a classical radiation theory. The scattering spectrum can be measured by 
choosing ROI", corresponding to the 𝑘" direction. The spectroscopy information acquired from 
ROI∥ and ROI" can be used to reconstruct the nanoscale transmission and scattering images of two 
different SWNTs in real colors using the CIE 1931 color matching function (Fig. 1c), even though 
their separation distance (~100 nm) is well below the Abbe’s diffraction limit. It is worth noting 
that the low-k light from the probe can be scattered by sample surface roughness and become the 
major source of the noise, which influences the scattering image more severely than the 
transmission image due to the already weak signal level.  
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Fig. 2 | Hyperspectral images of a SWNT sample. a, Slices from the hyperspectral data show 
the absorption images ROI∥ of a (18,16) SWNT at different excitation wavelengths with a 35 nm 
interval. b, Representative spectra of the SWNT acquired from ROI∥ and ROI", respectively, by 
accumulating the spectra from 20 points along the SWNT. c, True-color images of the SWNT, 
constructed by converting the hyperspectral images into the RGB (red, green and blue) channels 
using the CIE 1931 color matching functions. Scale bar: 50 nm. Pixel step: 3.33 nm (horizontal) 
and 10 nm (vertical). d, Six adjacent near-field spectra across the SWNT along the black arrow in 
d, collected from ROI∥ (left panel) and ROI" (right panel), respectively. The scanning step is 3.3 
nm per pixel. The integration time is 0.3 second per spectrum. The total light intensity delivered 
by the probe is roughly 30 nW.  
 
Fig. 2a shows a set of spectrally-resolved transmission images of a pristine (18, 16) SWNT 
on a thin quartz substrate, with the light provided by a tungsten-halogen lamp (SLS201L, Thorlabs) 
covering a spectrum range of 415 nm (2.98 eV) to 980 nm (1.26 eV). Three spectral regions with 
distinct SWNT absorption images were found at ~500 nm, ~730 nm and ~870 nm, corresponding 
 8 
well with three absorption valleys in the averaged transmission spectrum shown in Fig. 2b (red, 
ROI∥ ). The averaged transmission and scattering spectra (red and blue curves, Fig. 2b) both 
contain well-defined features, which indicate the van Hove singularities (vHs) in the local density 
of states (DOS). Compared with the valleys in the absorption spectrum (508 nm, 733 nm and 857 
nm), the peaks in the scattering spectrum (490 nm, 714 nm and 838 nm) are red-shifted by ~20 
nm. This shift can be understood from the mechanistic differences between the two processes: the 
intensity loss in the absorption process is proportional to the imaginary part of the SWNT 
permittivity 𝜀(𝜔), whereas in the scattering process, the scattering strength scales quadratically 
with the induced electric momentum |𝜀(𝜔) − 𝜀#$|%, where 𝜀#$ is the averaged permittivity of the 
environment. It is worth noting that although the measured spectrum range is beyond the nominal 
single-mode range of the optical fiber (SM600, Thorlabs), high-order optical fiber modes actually 
have negligible influence on the measurement. This is because that the high-order modes tend to 
selectively excite the dipole-like SPP mode (HE±1 mode) in the AgNW waveguide, which has a 
small far-field radiation angle and will be removed by the k-space filter, and do not contribute to 
either hyperspectral image.  
 
Fig. 2c shows the transmission and scattering hyperspectral images of the (18, 16) SWNT 
reconstructed from the spectra of ROI∥  and ROI" , respectively. The spatial resolution of both 
images can be estimated from a set of adjacent spectra across the diameter of the SWNT. As shown 
in Fig. 2d, for the 2.3 nm SWNT, the spatial resolution is comparable with the step of the scan 
(~3.3 nm, Fig. 2d). Since the detected signals are encoded in the 2nd-lobe radiation that originates 
from the nonlinear near-field coupling between the plasmonic hotspot and its image dipole, the 
spatial resolution of the technique is even higher than the mode volume of the plasmonic hotspot 
at the tip apex, which is roughly the same as the tip radius of the AgNW probe (~ 5nm).  
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Fig. 3 | Optical absorption and scattering processes from the parallel and perpendicular 
optical transitions of semiconductor SWNTs. a, Left panel: The parallel optical transition 
reduces the far-field intensity in ROI∥  through absorption and increases it in ROI"  through 
scattering. Right panel: Energy bands of a semiconductor SWNT near the Fermi level with band 
indices. The allowed transitions for parallel excitation (in green arrows) require ∆𝑛 = 0. b, Left 
panel: At the perpendicular transition frequencies, the far-field intensities in two ROIs are both 
reduced due to absorption. Right panel: Allowed transitions for perpendicular transitions (in 
orange arrows) require ∆𝑛 = ±1. c, Electronic DFT band structure and d, the corresponding ROI∥ 
and ROI" spectra of a (8, 6) SWNT showing possible transitions. e-f, The representative spectra 
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from two other SWNTs, with chiral indices of (12, 8) and (18, 16), respectively. g-h, Kataura plots 
showing the energies of parallel transitions (∆𝑛 = 0) and perpendicular excitation (∆𝑛 = ±1) in 
different semiconductor SWNTs. The green squares indicate the parallel transitions derived from 
the ROI∥ and ROI" spectra, corresponding to the green-shaded peaks/valleys in d-f. The orange 
squares correspond to the perpendicular transitions marked by the orange-shaded valleys in d-f. 
Error bars indicate the peaks/valleys widths. 
 
SWNT is one of the ideal quasi-one-dimensional systems and has highly anisotropic optical 
properties. Due to their one-dimensionality, SWNTs have dominating optical transitions when the 
incident light is parallel to the SWNT axis, which has been intensively investigated through 
inelastic (e.g. photoluminescence excitation spectroscopy22-24) and elastic scattering measurements 
(e.g. Rayleigh scattering microscopy1,25-26). The perpendicular-polarization Rayleigh scattering, 
however, is difficult to characterize due to its small scattering area and has only been investigated 
theoretically27. The strong near-field interaction of the hyperspectral imaging technique described 
here, however, make it possible of the direct experimental measurement of perpendicular 
scattering. To describe the optical transitions induced by different excitation polarizations, we 
illustrate the band structures and indices of a semiconducting SWNT near the Fermi level in Fig. 
3a and b.  The excitation from a valence band nv to a conduction band nc has the band index 
difference ∆𝑛 = 𝑛& − 𝑛$ , which, as required by the selection rule, needs to satisfy ∆𝑛 = 0 or ∆𝑛 = ±1 for incident light parallel or perpendicular to the SWNT axis. These two scenarios have 
different influences on the far-field radiation patterns and lead to distinct features in the spectra 
collected from the two ROIs. Specifically, the parallel transition in Fig. 3a attenuates the horizontal 
electrical component (𝐸/⃑ ∥) and reduces the far-field intensity in ROI∥. It induces current along the 
SWNT axis, which acts as a dipole antenna with a far-field radiation restricted within a rotationally 
symmetric plane perpendicular to the nanotube axis. Consequently, the light intensity along ky 
increases. The spectra acquired from 𝑅𝑂𝐼∥ and 𝑅𝑂𝐼" display opposite characteristics (valleys vs. 
peaks) at the parallel transition frequencies (shaded green), such as the Eii transitions (e.g., 𝐸%%' , 𝐸((' , 𝐸))' … the superscript s denotes that they are semiconductor-type SWNTs) in Fig. 3d-f. The 
perpendicular transitions Eij (𝐸*%' , 	𝐸%*' , 𝐸*(' , 𝐸(*' …, shaded orange), however, attenuate the 
superfocused hotspot directly through interacting with the vertical electric field (𝐸/⃑") , which 
reduces the overall radiation intensity and leaves valleys in both spectra. The relative peak 
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intensities can be understood through the band structure calculated by the first-principles density 
function theory28-29 (DFT, see Methods). Take a (8, 6) SWNT as example, it is shown that the DFT 
calculated band structure (Fig. 3c) corresponds well with the measured spectra shown in Fig. 3d. 
The 𝐸*%'  (or 𝐸%*' ) and 𝐸%%'  transitions have quasi-direct bandgaps with small mismatch in 
momentum (~ 3% and 7% of the Brillouin zone, respectively), which can be efficiently excited by 
the superfocused light at probe apex, and appear in the both transmission and scattering spectra as 
strong valleys/peaks. The 𝐸*('  transition is across an indirect bandgap with a larger momentum 
mismatch (~ 60% of the Brillouin zone), making it more challenging to detect. However, since the 
unit length of a (8, 6) SWNT (2.6 nm) is comparable with the probe tip radius (~ 5 nm), the 
momentum mismatch can be partially compensated by the sharp tip. Therefore, it appears as a 
much shallower but still distinct valley in both spectra of Fig. 3d.  
 
These characteristics for parallel and perpendicular transitions can be clearly identified in 
all SWNT scan results. Fig. 3g and h are the Kataura plots for ∆𝑛 = 0 and ∆𝑛 = ±1 transitions30, 
which help to visualize the correlation between the optical transition energies and chiral indices of 
the SWNTs. The SWNT diameters are determined experimentally by the measured radial-
breathing mode (RBM) frequencies (Details in the supplementary text). The corresponding optical 
transition energies are calculated from the spectra and marked by green (∆𝑛 = 0) and orange 
(∆𝑛 = ±1) squares, referring to the parallel and perpendicular excitations, respectively. We notice 
that the perpendicular-excitation transition is more prominent in small-diameter SWNTs, while in 
the large-diameter ones, the features are either buried by the stronger signals from the parallel 
excitation or vanish due to large momentum mismatches.  
 
Strain engineering is an effective way to tune the band structures and tailor the electronic 
and optical performance of semiconductors31-32. With the nano-hyperspectral imaging technique 
described here, we were able to directly visualize the strain-induced spatial modulation of band-
structure along a single SWNT, through the mapping of near-bandgap optical transitions. Fig. 4b 
is the topographic image of a strained (12, 8) SWNT, prepared using the AFM nanomanipulation 
method33-34 from a superaligned SWNT sample (Details in the supplementary text). DFT 
calculation (Fig. 4a, methods) reveals that in a (12, 8) SWNT, 1% uniaxial strain (h ) can modulate 
the 𝐸(*'  and 𝐸(('  transitions by around 3%, with both transitions showing strained induced blue 
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shifts. The transmission and scattering hyperspectral images (Fig. 4c and d) of the strained 
segment of the SWNT (white dashed box) show slight color variation, indicating spectral shifts. 
To quantify the spectral shift, the absorption and scattering spectra measured along this SWNT 
fragment were plotted against the displacement along the SWNT, as shown in Fig. 4e and f, 
respectively. Clear blue shifts in 𝐸(('  and 𝐸(*'  transitions were observed in both plots at the 
transition regions (marked green) on either side of the crescent kink, demonstrating that the strain 
is concentrated to the transition regions instead of the middle of the kink. This is possibly because 
that the friction between the SWNT and the substrate is not enough to pin the entire kinked region 
in place and the middle segment of the kinked region relaxed with time and locally redistribute the 
uniaxial strain. At the high-strain transition regions, both the parallel transition 𝐸(('  and the 
perpendicular transition 𝐸(*'  blue-shift by around 3% (Fig. 4g-h), which corresponds to ~ 1% of 
strain according to the DFT calculation. We have also observed that the 𝐸(*'  peak intensity slightly 
increased under strain (Fig. 4f and g), which may be a result of the reduction in momentum 
mismatch between the corresponding valance and conduction bands, as shown in the DFT 
calculation (Fig. 4a).  
 
 In summary, the nano-hyperspectral imaging method provides a powerful tool for the 
characterization of optical properties at nanometer scale, in our case offering direct insights into 
the strain-induced band gap modulation along a SWNT. By improving the power density of the 
light source, such as switching the tungsten-halogen lamp to a supercontinuum white light laser, 
high-speed imaging up to one frame per second is possible35. The fiber-based nature also offers 
the flexibility to perform the measurement under cryogenic environment. Our technique pushes 
the spatial resolution of VIS-NIR imaging into the nanometer regime, and can potentially shine 
the light on catalysis, quantum optics, nanoelectronics, and more.  
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Fig. 4 | Optical transitions in a strained SWNT. a, Electrical DFT band structure of a (12, 8) SWNT 
under different uniaxial strain from 0% (purple line) to 1% (green line). b, The AFM topographical 
image of a curved (12, 8) SWNT, created by AFM-based nanomanipulation on a straight one. The 
purple-green line is the eye-guide for strained (green) and unstrained (purple) regions along the 
nanotube. c and d The true-color images of the dashed region in b, acquired from ROI∥ and ROI", 
respectively. e and f, the spectra taken from the points along the SWNT. g and h Comparison of 
the spectra averaged from 10 data points from the unstrained and strained region.  
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Methods: 
 
Density functional theory calculations of SWNTs. The electronic properties of the large (8,6) 
and (12,8) SWNTs were calculated using an all-electron 6-21G(d) polarized basis set in 
conjunction with the B3LYP hybrid functional. We have specifically chosen to use this level of 
theory since prior work has shown that the hybrid B3LYP functional accurately predicts 
experimental bandgaps and electronic structures of SWNTs compared to other semi-local 
functionals. Full geometry optimizations (i.e., for both the atomic positions and the unit cell) for 
the unstrained (8,6) and (12,8) SWNTs were carried using periodic boundary conditions without 
imposing any symmetry constraints. The number of atoms in the (8,6) and (12,8) SWNTs are 296 
atoms/4,100 orbitals and 304 atoms/4,256 orbitals, respectively. With the unstrained geometry of 
the (12,8) SWNT converged, a series of constrained B3LYP/6-21G(d) calculations were carried 
out at 0.02, 0.04, 0.06, 0.08, and 0.10 uniaxial strain to produce Fig. 4a in the main text. Electronic 
band structures for both the (8,6) and (12,8) SWNTs were obtained and resolved with an extremely 
fine mesh of 100 k-points along the Brillouin zone. 
 
NSOM measurement. Tapping-mode atomic-force microscopy (frequency f in Fig. 1a is 32.7 
kHz) was adopted for the measurement 36-37 on Nanonics Multiview 2000. Compared with the 
shear force-based feedback that is easily destructive to AgNW probes, presumably due to the actual 
contact between AgNWs and a specimen during scanning 38-39, the tapping mode scan has the 
impact force along the AgNW axis and thus a low wear rate 40. During the scan, the electrical 
dipole at AgNW tip apex periodically approaches the sample/substrate and induces a strong image 
dipole in them. To acquire the hyperspectral images of SWNTs, we recorded the spectra of both 
ROIs simultaneously at each pixel of a 2D area that contains pristine SWNTs on a thin quartz 
substrate through chemical vapor deposition (CVD). 
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